Objective. To describe the pharmacokinetics of maraviroc in human immunodeficiency virus (HIV)-infected women during pregnancy and post partum.
It is estimated that worldwide 16 million women were living with human immunodeficiency virus (HIV) in 2013, with about 1.3 million of them women giving birth [1, 2] . HIV-infected pregnant women may receive antiretrovirals both to protect their own health and to reduce the risk of mother-to-child transmission of HIV [3] . Combination antiretroviral therapy (cART) has been shown to be a highly effective strategy for prevention of mother-to-child transmission of HIV, reducing the risk from 15%-40% to <2% [3] .
Maraviroc is an antagonist to C-C chemokine receptor type 5 (CCR5), which plays an important role in blocking HIV-1 entry into susceptible cells [4] . It is effective for treatment of CCR5-tropic HIV-1 as part of cART therapy. The standard recommended dose for maraviroc therapy in adults or adolescents is 300 mg twice daily, unless coadministered with a boosted protease inhibitor, in which case the dose is reduced to 150 mg twice daily [5] . There are no data available describing maraviroc pharmacokinetics and safety for use during pregnancy, and the US Department of Health and Human Services perinatal guidelines include no recommendations regarding maraviroc therapy or dosing regimens during pregnancy [6] .
Pregnancy is associated with a myriad of physical changes that affect the pharmacokinetics of drugs [7, 8] , mostly resulting in a reduction in drug exposure during pregnancy [9] . Decreased antiretroviral concentrations may lead to inadequate viral suppression and/or development of antiretroviral resistance and may increase the risk of mother-to-child transmission in HIV-infected pregnant women [3, 10] . Data describing maraviroc pharmacokinetics in pregnancy have not been published to our knowledge.
Specific safety issues for maraviroc during pregnancy include its influence on pregnancy duration and fetal development. Maraviroc is assigned to the Food and Drug Administration pregnancy category B, because animal reproduction studies failed to demonstrate a risk to the fetus but no adequate and well-controlled studies have been performed in pregnant women. Reports on the safety of maraviroc during human pregnancy are limited. The most recent Antiretroviral Pregnancy Registry interim report (through 31 January 2015) [11] includes only a few patients who received maraviroc, who did not exhibit any birth defects with exposure to maraviroc in the first trimester (n = 18) or second and third trimesters (n = 5). No data are available concerning the influence of maraviroc on pregnancy duration to our knowledge.
Current available data on transfer of maraviroc across the human placenta are limited to a single case report and data from an ex vivo placenta perfusion study both indicating minor placental transfer [12, 13] . Fetal antiretroviral exposure via placental transfer may provide preexposure prophylaxis against HIV infection for the fetus and newborn, possibly helping to prevent perinatal transmission of HIV but also possibly resulting in drug-related fetal teratogenicity and/or toxicity [6] .
Overall, available data are too limited to make grounded recommendations regarding maraviroc use and dosing regimens during pregnancy, highlighting the exclusion of pregnant women from clinical trials during the development of new drugs, mainly owing to concerns about potential risks to the fetus [14] . As a result, HIV-infected pregnant women are currently receiving maraviroc as part of clinical care in the absence of pregnancy specific safety and pharmacokinetic data. Two protocols-the IMPAACT (International Maternal Pediatric Adolescent AIDS Clinical Trials) Network P1026 protocol and the PANNA (Study on Pharmacokinetics of Newly Developed Antiretroviral Agents in HIV-Infected Pregnant Women) Networkhave been developed to study the safety and pharmacokinetics during pregnancy of antiretroviral drugs used for clinical care that lack safety and pharmacokinetic data obtained during pregnancy. For the current report, these networks have collaborated to describe the pharmacokinetics, transplacental transfer, and safety of maraviroc in pregnant HIV-infected women.
METHODS
The data presented in this study were collected in 2 studies. Both were nonrandomized, open-label, parallel-group, multicenter phase-IV studies in HIV-infected pregnant women. PANNA recruited patients from HIV treatment centers in Europe. IMPAACT recruited patients from sites in the Americas. Here, we report data from pregnant HIV-infected patients treated with maraviroc as part of their cART.
The studies were conducted in compliance with the principles of the Declaration of Helsinki. Informed consent was obtained from each participant before study entrance. The studies were approved by the medical ethical committee from each individual center involved and by the national authorities if applicable. The studies were registered at ClinicalTrials.gov (NCT00825929 and NCT000422890).
Patient Eligibility
Patient eligibility included being HIV-infected, pregnant, ≥18 years of age at screening and treated with a cART regimen containing maraviroc as prescribed for clinical care for ≥2 weeks before the day of first pharmacokinetic evaluation. Subjects continued to take their prescribed medications throughout pregnancy. Women continued on study until the completion of postpartum pharmacokinetic sampling. Patients were excluded if they had a past medical history or current condition that might interfere with drug absorption, distribution, metabolism or excretion (such as renal failure or hepatic failure) or presented with grade III/IV anemia (ie, hemoglobin <4.6 mmol/L or <7.4 g/dL) at screening (PANNA specific) or multiple pregnancy (IMPAACT specific).
Safety Assessments and Viral Load
Inclusion screening consisted of: medical history, physical examination, serum biochemistry and hematology, HIV-1 RNA load determination and CD4 + T-cell count. Analyses for safety assessments were performed by local laboratories. Blood samples for safety assessments were further taken at the visits for pharmacokinetic blood sampling and at delivery. Patients were asked for adverse events at each visit and serum biochemistry, hematology, HIV-1 RNA load and CD4 + T-cell count. The
Pharmacokinetic Blood Sampling
The 12-or 24-hour intensive pharmacokinetic profiles were performed in the third trimester between 30 and 36 weeks of gestation. Pharmacokinetic sampling was repeated ≥2 weeks ( preferably 4-6 weeks) post partum. At delivery (if possible) a cord blood and a maternal blood sample were taken. Evaluation at visits included sampling before and at 1, 2, 4, 6, 8 and 12 hours after medication intake on all pharmacokinetic study days. Subjects in the PANNA study also had samples collected 0.5 and 3 hours after dosing, and subjects receiving once-daily doses had samples collected 24 hours after dosing. Plasma was separated and stored at ≤−18°C until shipment on dry ice to the central laboratory for analysis. Information collected included the time of the 2 prior doses of maraviroc and maternal weight.
Analytical Methods
Concentrations of maraviroc in plasma were analyzed by 2 centers. The PANNA samples were analyzed at the Ottawa Hospital Research Institute, Ontario, Canada, and the IMPAACT samples at the Pediatric Clinical Pharmacology Laboratory, University of California, San Diego. Both laboratories used a validated liquid chromatography mass spectrometry/mass spectrometry method. The lower limits of quantification were 0.005 mg/L (PANNA) and 0.0039 mg/L (IMPAACT). The linear calibration ranges in plasma were 0.005-1.0 mg/L (PANNA) and 0.0039-2.0 mg/L (IMPAACT). Both pharmacology laboratories participate in the AIDS Clinical Trial Group pharmacology quality control (precision testing) program in the United States, which performs standardized interlaboratory testing twice a year [15] .
Pharmacokinetic Assessments
Pharmacokinetic parameters were determined using a noncompartmental model in WinNonlin software (version 6.3; Pharsight). For each individual curve the following were determined: the area under the curve of a dosing period (AUC tau ), obtained using the trapezoidal rule; the trough concentration (C trough ), defined as the sample taken at 12 or 24 hours; the average plasma concentration (C avg ); the maximum concentration (C max ); the elimination half-life; the time of C max ; apparent clearance (dose/AUC tau ); and the apparent volume of distribution (apparent clearance/elimination rate constant).
Statistical Analysis and Data Handling
Patients with evaluable pharmacokinetic data during pregnancy were included in demographic and safety analyses and descriptive statistics of the pharmacokinetic parameters. Pharmacokinetic parameters are reported as geometric means with 95% intervals for the 150-mg twice-daily maraviroc dose with a protease inhibitor. The pharmacokinetic parameters for the other dosing regimens were reported for each individual, because the data were too limited to be described statistically. Geometric mean ratios with 90% confidence intervals for individual thirdtrimester and postpartum pharmacokinetic parameters were determined for all parameters by combining data from all dosing regimens, provided that the same maraviroc dose was used during and after pregnancy. A paired t test on the natural log-transformed pharmacokinetic parameters was performed to compare third-trimester and postpartum data. The MannWhitney U test was used to compare AUC tau ratios between studies (PANNA vs IMPAACT), testing for between-study differences. Cord blood-maternal blood concentration ratios were determined and recorded.
RESULTS
Eighteen HIV-infected pregnant women (IMPAACT 11; PANNA 7) completed third-trimester sampling between 31 and 38 weeks of gestation, and 14 completed sampling between 4 and 15 weeks post partum. Four subjects withdrew from the study and did not undergo postpartum sampling.
The characteristics of the women and their pregnancy outcomes are shown in Table 1 . For the maraviroc regimens, 12 women (67%) received 150 mg twice daily with a protease inhibitor; 2 (11%) received 300 mg twice daily without a protease inhibitor, 2 (11%) received 300 mg once daily with a protease inhibitor, and 2 (11%) received 300 mg twice daily with a protease inhibitor. The protease inhibitors used were darunavir-ritonavir (14 women), lopinavir-ritonavir (1 woman), and atazanavirritonavir (1 woman); 10 patients also received raltegravir. Eleven women started maraviroc treatment before pregnancy, 6 started during pregnancy (2 in the first and 4 in the second trimester), and the start date was not known for 1 patient. None of the women used other medication possibly interacting with maraviroc.
Pharmacokinetics
The mean plasma concentration-time profiles of maraviroc for the regimen of 150 mg twice daily with a protease inhibitor in the third trimester and post partum are presented in Figure 1 [16]; summary statistics for the pharmacokinetic parameters for that regimen are listed in Table 2 . Individual pharmacokinetic parameters for the other maraviroc treatment regimens can be found in Table 3 . Figure 2 presents the individual AUC tau ratios (third trimester/post partum) for the different maraviroc treatment regimens. Individual ratios did not indicate obvious differences between these regimens. When the ratio between pregnancy and postpartum pharmacokinetic parameters for all subjects were compared (with separate regimens pooled together), significant reductions were seen in AUC tau (28%; P = .008) and C max (30%; P = .007) ( Table 4 ). The concentration at the last time point (C last ) was reduced by 15% (P = .10), and the elimination half-life was marginally increased (4%, P = .41).
The AUC tau ratios did not differ significantly between women in PANNA and the IMPAACT studies (P = .76), indicating no between-study differences, although statistical power to exclude a difference between the cohorts was limited. In all women except 1, maraviroc concentrations both during pregnancy and post partum were above the suggested minimum target C trough values of 50 ng/mL for antiretroviral therapyexperienced patients with resistant HIV-1 strains [5] . Furthermore, all patients had a C avg above the suggested threshold of 75 ng/mL [17] . The patient with the subtherapeutic C trough showed C avg values just above the threshold (76 and 83 ng/ mL). The woman whose C trough did not exceed the target C trough received maraviroc 300 mg twice daily without a protease inhibitor. Her third-trimester and postpartum 12-hour concentrations were 29.7 and 33.4 ng/mL, respectively. The predose concentrations were 24.6 ng/mL (third trimester) and 24.2 ng/mL ( post partum,) respectively. Ten umbilical cord blood samples were collected with matching maternal blood samples. The median time between the reported last dose and delivery was 10 hours (range, 2-16 hours); the median time between cord blood sample and maternal sample was 2.5 minutes (0-79 minutes). The median concentrations in the maternal and cord blood samples were 222 (range, 26-597) and 52 (4-209) ng/mL, respectively, and the median ratio of cord blood to maternal blood was 0.33 (range, 0.03-0.56).
Pregnancy Outcome and Safety
The median gestational age at delivery was 39 (range, 37-41), weeks and the median birth weight was 3215 (2350-3750) g. One baby was low birth weight, weighing 2350 g after delivery at 37.9 weeks gestational age. All children tested negative for HIV. Two congenital abnormalities were reported: congenital pulmonary airway malformation (or cystic adenomatoid malformation), for which the relationship to maternal antiretroviral use could not be judged, and sacral dimple, assessed as not related to maternal antiretroviral use. A serious adverse event occurred in 2 mothers. One had a 3-day hospital admission due to hemoptysis at 38 weeks gestation and was diagnosed with a respiratory tract infection. Another mother was admitted to a psychiatric hospital. These serious adverse event were assessed as not related to maraviroc administration. Two grade 3 or 4 laboratory events were reported: abnormal glucose and potassium levels. HIV viral loads were detectable (>50 copies/mL) for 4 patients around delivery: 55, 2106, 3547, and 5110 copies/mL. These patients received maraviroc at 150 mg twice daily with a protease inhibitor (darunavir/ritonavir) and etravirine (n = 2) and/or raltegravir (n = 3), enfuvirtide (n = 1), and a nucleoside reverse-transcriptase inhibitor backbone (n = 3). Three of these 4 patients had relatively low maraviroc exposure (AUC tau ) and C last in the third trimester. However, 3 patients with an even lower AUC tau and C last did not show a detectable viral load.
DISCUSSION
We describe the pharmacokinetics of maraviroc in 18 pregnant HIV-infected patients during the third trimester of pregnancy and after delivery. The data were collected by 2 networks: PANNA (Europe) and IMPAACT (United States and Argentina). Overall, maraviroc concentrations were reduced in the third trimester, with reductions in AUC tau (28%), C max (30%), and C last (15%). Transplacental passage of maraviroc was low, with a median ratio of cord blood to maternal blood of 0.33.
In our population of mainly cART-experienced women, 76% had undetectable HIV RNA levels at delivery, and none of the children tested HIV positive. Maraviroc was well tolerated during pregnancy, and infant outcomes were good. The median gestational age at delivery was 39 weeks, with no preterm births.
The maraviroc postpartum pharmacokinetic profiles observed in this study for a maraviroc regimen of 150 mg twice daily with a protease inhibitor were similar to those reported in the literature for nonpregnant adults (mixed sex) [16] . The postpartum curves for the other dosing regimens (300 mg twice daily without a protease inhibitor or 300 mg once daily with a protease inhibitor) were also consistent with the nonpregnant reference pharmacokinetic profiles [18] . Most patients received 150 mg of maraviroc twice daily with a protease inhibitor, and the individual ratios of the patients receiving other regimens fell within the range of ratios reported for this regimen. Consistent with previous assessments of antiretroviral pharmacokinetics in pregnancy, there was substantial interpatient variability. Because the number of patients using alternative regimens were low, we could not directly compare the effect of pregnancy on the different regimens. Only 1 subject showed maraviroc C trough values below the suggested minimum target concentration for antiretroviral therapyexperienced patients with resistant HIV-1 strains of 50 ng/mL, both during pregnancy and post partum [5] . She was receiving the 300-mg twice-daily regimen without a protease inhibitor but with tenofovir and raltegravir. Plasma concentrations of tenofovir were also very low on both occasions, whereas raltegravir exposure was not abnormal (data not shown). This patient reported being adherent for at least the week before pharmacokinetic assessment, and she did not use other medication concomitantly. Her below-target C trough values for maraviroc in both during pregnancy and post partum suggests that the low troughs were patient specific and not caused by pregnancy. Despite these low levels, she had an undetectable viral load in the third trimester and post partum, in line with a recent study in which no significant relationship between maraviroc exposure and antiviral response was found [19] .
Four subjects had a detectable viral load around delivery. In 3 of them, the maraviroc exposure was relatively low in the third trimester, but 3 other patients showed even lower exposure. Therefore, a relationship between exposure and a detectable viral load could not be demonstrated. The 4 patients with detectable viral loads had complicated treatment regimens (including ≥3 classes of antiretrovirals) and long treatment histories, indicating that they were difficult to treat.
Maraviroc is a CYP450 3A4 substrate, and exposure is increased when it is taken together with the strong CYP3A4 inhibitor ritonavir, leading to the recommendation that maraviroc doses should be decreased when administered along with a boosted protease inhibitor regimen. A limitation of our study is the heterogeneous population and the different doses and antiretroviral regimens used, a consequence of the opportunistic design of both studies. The populations studied by PANNA and IM-PAACT mainly received the recommended adult maraviroc dose of 150 mg with a protease inhibitor (67%) or 300 mg without a protease inhibitor (11%) However, our subjects received other maraviroc regimens as well, including 300 mg once or twice daily (both 11%) with a protease inhibitor.
We observed a decrease of about 30% in C avg and peak concentrations in the third trimester of pregnancy. According to our knowledge, no other data on the influence of human pregnancy on maraviroc pharmacokinetics have been published or presented. A study in rhesus macaques found unchanged maraviroc pharmacokinetics after a single intrapartum dose, compared with results in nonpregnant animals [20] . However, this study is of limited value because it is difficult to compare data from nonhuman primates with human data and to extrapolate exposure with a single dose to long term exposure.
The decrease in exposure to maraviroc observed in our subjects during pregnancy is similar in magnitude to that seen with the protease inhibitors atazanavir [21] , darunavir [22] , and lopinavir [23] . Several metabolism-related mechanisms could explain the lower maraviroc exposure in pregnancy: increased CYP450 3A4 activity in the gut and liver leading to decreased gastrointestinal absorption due to increased gut metabolism and increased hepatic clearance and/or less boosting by ritonavir associated with lower ritonavir exposure in pregnancy. Unfortunately, paired third-trimester and postpartum data are available for only a single patient not using a protease inhibitor. For this patient, the third-trimester/postpartum ratio of the maraviroc AUC tau was 0.92, compared with 0.35-1.46 for patients receiving a protease inhibitor. Therefore, we cannot conclude that less boosting in pregnancy is the major cause of the lower maraviroc exposure. Other mechanisms may also explain the lower exposure, including reduced intestinal motility, larger plasma volume, and increased hepatic blood flow.
Placenta passage of maraviroc is limited, with a median cord blood-maternal blood ratio of 0.33. This is consistent with the ratio of 0.37 in a single case report [12] and higher than that reported for an ex vivo placenta perfusion model [13] . ABC efflux transporters may play a role, resulting in limiting maraviroc transfer across the placenta to the fetus [13] .
In conclusion, although overall maraviroc exposure is 28%-30% lower during pregnancy, C trough was reduced to a lesser extent. All except 1 of the subjects met the target C trough during pregnancy for antiretroviral resistant HIV-1, suggesting that the standard adult dose seems to be sufficient during pregnancy.
Notes

